Titanium dioxide thin films are extensively studied for applications in solid state gas sensor devices. Their gas sensing properties are strongly dependent on deposition technique, annealing temperature, film thickness and consequent properties like crystalline structure, grain size or amount of defects and impurities. In this work we report the gas sensing properties of TiO 2 thin films prepared by reactive magnetron sputtering technique and subsequently annealed at temperatures 600°C and 900°C. The films were exposed to different concentrations of H 2 gas up to 10 000 ppm. Their sensitivity to gas at various operating temperatures, ranging from 250°C to 450°C, was obtained by measuring their resistance. 07.07.Df, 68.47.Gh, 73.25.+i, 82.47 
Introduction
Titanium dioxide (TiO 2 ) is an important multifunctional material being used as photo-catalyst in solar cells, for the * presented at the 7th International Conference on Solid State Surfaces and Interfaces, November 22-25, 2010, Smolenice, Slovakia † E-mail: plecenik@fmph.uniba.sk (Corresponding author) production of hydrogen, as a corrosion-protective coating, as an optical coating, as a gate insulator in MOSFETs, etc. [1] . In recent years a large number of contributions have reported the extraordinary sensitivity of TiO 2 towards H 2 [2, 3] . TiO 2 also shows good sensing properties to CO [4] , ethanol [5] , methane [6] , etc. and have an advantage of being chemically stable at high temperatures which makes it a good candidate for gas sensing applications [7] [8] [9] [10] [11] . However, the main disadvantage of these gas sensors is the inability to distinguish between gases, but it has been reported that the selectivity could be improved by dopants [12] .
In this work we present gas sensing properties of nanocrystalline TiO 2 thin films prepared by magnetron sputtering and ex-situ annealing. TiO 2 belongs to the family of semiconductor metal oxide (SMO) gas sensors. The working principle of SMO gas sensors is based on change of their resistivity upon exposure to specific gas. In most cases, the sensing mechanism of n-type TiO 2 thin films to hydrogen can be explained by reaction of H 2 molecules with the preadsorbed oxygen (O
) at the surface; these preadsorbed oxygen species initially make a bond by trapping an electron from the surface of the sensing layer. Depending on the different forms of the preadsorbed oxygen, the following reactions were proposed after introducing the H 2 gas [13] :
For n-type TiO 2 , it means that the resistance of the sensor tends to decrease as the interaction of hydrogens with preadsorbed oxygen leads to freeing of previously trapped electrons. As the form (O ) and number of adsorbed oxygen given by adsorption and desorption kinetics on the sensor surface changes with varying temperature in general [14] , this results in different sensing characteristics for different operating temperatures. In this work, the sensitivity and dynamic response of the TiO 2 films to H 2 gas was analyzed at various H 2 concentrations and various operating temperatures by means of measuring their resistance.
Experimental

Fabrication of the electrodes
To fabricate platinum comb-like electrodes, 20 nm thick Pt film was deposited on c-cut (0001) sapphire substrates by dc magnetron sputtering. Direct optical lithography and subsequent Ar ion beam etching was used to pattern comb-like micro-structures. The distance between electrodes was 10 µm. Measurement area of the final structure is shown in Fig. 1 . 
Preparation of nanocrystalline TiO 2 thin films
The TiO 2 thin films were deposited from a Ti target (99.9%, 100 mm in diameter) by means of unbalanced dc magnetron sputtering in Ar+O 2 (both of 99.999% purity) atmosphere. Cathode current I and negative substrate bias U were 1.2 A and −50 V, respectively. Partial gas pressures were controlled by a quadrupole mass spectrometer and kept on p A = 0 6 Pa and p O2 = 0 02 Pa during deposition. The target-to-substrate distance was 7 cm. No resistive heating of substrates was applied during deposition. TiO 2 films were grown on the substrates for 20 min. As-deposited films were ex-situ annealed in air at temperatures of 600 or 900°C for 1 hour in MTI GSL-1600X-S60 tube furnace.
Characterization of the TiO 2 thin films
The structural investigation of TiO 2 coatings was performed by standard Bragg-Brentano x-ray diffraction (XRD), using URD8 diffractometer with a CuKα radiation (λ C K α = 0 15418 nm) and the graphite curved monochromator. For phase analysis θ 2θ spectra were measured and compared with the nominal bulk data in the range of 23 − 87 deg. The TiO 2 film thickness was determined in crosssection with Scanning Electron Microscope (SEM) TESCAN TS 5136 MM.
Surface topography of the films was analyzed by Atomic Force Microscope (AFM) NT-MDT Solver P47 PRO in semi-contact mode. Standard Si tips were used. Chemical composition of the films was analyzed by Auger electron spectroscopy (AES) type AES 09IOS-10-005 (Russia). To obtain depth profile, the sample surface was simultaneously etched by Ar ion gun.
Measurement technique
A computer-controlled experimental setup was used for the gas-response measurements. All measurements were done in a sealed chamber (300 cm 3 ) using the flow regime of the synthetic dry air at the rate 0.1 l/min. Gas flow to the chamber was controlled by two gas flow controllers, Red-y Smart Mass Flow Meter and Controller by Icenta Controls Ltd., one for synthetic air and one for synthetic air with 1% of H 2 with ranges 15 − 500 sccm and 3 − 100 sccm (Standard cubic centimeters per minute), respectively. The sample was mounted to a Boraelectric heating element from Advanced Ceramics Corp. with a K-type thermocouple inside. DC power supplied to the heater was regulated by PID algorithm to maintain desired temperature on the thermocouple. The electrical resistivity of the TiO 2 thin films was measured by a Keithley 6487 Picoammeter/Voltage Source. This setup allows us to measure resistance R of TiO 2 thin films up to 10 11 Ohms at various H 2 concentrations from 300 ppm to 10 000 ppm (Parts per million) and various operating temperatures up to 450°C.
Results and discussion
TiO 2 thin films were deposited by reactive magnetron sputtering and subsequently ex-situ annealed at 600°C and 900°C. Thickness of the prepared films was checked by SEM on cross-section to be about 50 − 100 nm. AFM surface topography of the TiO 2 films suggests nanocrystalline structure with grain size from 50 − 100 nm for samples annealed at 600°C and up to 500 nm for samples annealed at 900°C (Fig. 2) . We thus assume that considerably higher amount of defects, given at least by grain boundaries, are present in the films annealed at 600°C. We have compared the XRD experimental data to the standard polycrystalline TiO 2 patterns of anatase and rutile. XRD measurements confirm that the TiO 2 is mostly in the anatase (A) phase for samples annealed at 600°C and transforms to the rutile (R) phase when annealed at higher temperatures (Fig. 3) . However, the nominally strong bulk diffraction lines A(101) and R(110) are absent, yet the dominant peaks R(200), R(400) and A(004) indicate that the films after annealing are preferentially oriented with respect to substrate. Such preferential orientation of the TiO 2 films on Al 2 O 3 substrate is well-known [15, 16] .
Chemical composition of the films was analyzed by AES and the Ti:O ratio was confirmed to be close to 1:2 across the whole film.
Films annealed at both temperatures showed reversible and reproducible response to all gas concentrations with good short-term stability over several hours of measurement. The dynamic response of the prepared sensors to H gas in concentrations ranging from 300 to 1500 ppm measured at operating temperature 340°C is shown in Fig. 4 . At this temperature, the initial resistance of films in air (with no concentration of H 2 ) was typically R air ∼ 20 GΩ. This resistance decreased more than 4 orders at 1500 ppm of H 2 concentration for both types of films. However, the sensitivities of films annealed at 900°C were particularly higher at these concentrations compared to the films annealed at 600°C (inset of Fig. 4) . We define the sensitivity as S = (R air − R gas )/R gas where R gas is resistance of the sensor at given H 2 concetration. Typical time intervals necessary to obtain stabilized response (constant resistance) in gas flow of constant H 2 concentration were several minutes. However, these times do not correspond to any adsorption or desorption processes on the film surface but they directly follow from the procedure of our measurement. Based on the gas flow (Q = 0 1 l/min) and the volume of the measurement chamber (V ∼ 0 3 l) we argue that the time constant (τ ∼ V /Q = 3 min) of the gas mixing process is dominant. 5 compares the dynamic response of both types of thin films (annealed at 600°C and 900°C) to 10 000 ppm H 2 concentration. In this case, typical response durations (∼ 1 minute) were considerably shorter than the time constant τ and typical recovery durations (∼ 10 minutes) were longer. This can be understood when the gas mixing process is taken together with the real sensitivity of the sensor to different H 2 concentrations. From sensitivity de- pendence on H 2 concentration (inset of Fig. 4 ) it follows that slope of this dependence is continually decreasing. It means that at small concentrations some change in concentration yields in big response, but at higher concentrations the same change yields in relatively smaller response. Therefore, the key part of the dynamic response of the sensor is given by a change of its resistance R at smaller concentrations. If the gas mixing process is defined by differential equation:
where τ is time constant of this process, M is concentration of H 2 in the gas flowing into the measurement chamber and admixing into the actual H 2 concentration , then the H 2 concentration evolution in time ( ) can be obtained. The simulation of typical H 2 concentration evolution inside the chamber (inset of Fig. 5) shows that a smaller concentration (e.g. 1 000 ppm) in the response part which is established within a short time (∼ 1 minute) will be achieved after much longer time (∼ 10 minutes) when starting from 10 000 ppm in the recovery part. If the response of the sensor is relatively higher at smaller concentrations as shown on Fig. 4 then this explains the recovery vs. response asymmetry. Moreover, we have investigated the sensor response at different operating temperatures (Fig. 6) and we have Figure 6 . Typical dynamic response of the TiO 2 thin films to 10 000 ppm H 2 concentration, operating at different temperatures (430°C, 340°C and 270°C). The dynamic response is normalized to initial resistance in air (R ) for better comparison and particular response is for films annealed at 600°C. Inset: temperature dependence of R used for normalization.
found that for both types of films the responses were better at lower operating temperatures; however, we were limited to temperatures above 250°C due to high resistance of our typical samples below this temperature (R > 10 11 Ohms). In the following, we measured two subsequent resistance vs. temperature dependences at 0 ppm (R vs. T ) and at 10 000 ppm (R vs. T ) shown on Fig. 7 , so we were able to extract sensor sensitivity dependence on temperature for 10 000 ppm of H 2 gas con- thin film annealed at 900°C for 0 ppm (R vs. T ) and 10 000 ppm (R vs. T ) of H 2 gas concetration. The temperature was slowly decreasing by 0.1°C per second during the measurement. R vs. T was measured after the response to 10 000 ppm of H 2 gas was fully stabilized. Inset: Sensitivity (at 10 000 ppm) obtained from R-T measurements for both types of films (annealed at 600°C and 900°C).
centration. We have found that the sensitivity decreases with temperature in the range 250 − 450°C for both types of films (inset of Fig. 7) . As was mentioned earlier, the chemisorbed oxygen species trap free electrons on the surface of the grains which results in a build-up of a negative surface charge. This in turn creates an energetic barrier V in the conduction band which electrons must overcome in order to cross to the next grain. In this case, the resistance dependence on temperature can be well interpreted by relation [17] :
If hydrogen is introduced to the chamber, reaction between the chemisorbed oxygen and the hydrogen takes place, which leads to freeing of previously trapped electrons and lowering of the amount of bound surface charge, thus lowering the energetic barrier V . Different values for the energetic barriers in air (V ) and H 2 gas (V ) result in different slopes of R vs. T and R vs. T as well as the following temperature dependence of sensitivity:
where ∆V = V − V . In general, the energetic barrier V is not constant with changing temperature [18, 19] thus rendering the temperature dependencies more complex and as such our discussion is only qualitative.
Conclusions
Semiconductor gas sensors based on nano-crystalline TiO 2 thin films deposited by magnetron sputtering and subsequently annealed at 600°C and 900°C were fabricated and their dynamic response to H 2 gas was measured and analyzed for H 2 concentrations from 300 to 10 000 ppm in the temperature range 250 − 450°C. Sensitivity of the films to H 2 gas varied from 10 1 − 10 2 for 300 ppm to 10 5 − 10 6 for 10 000 ppm while the films annealed at 900°C exhibited higher sensitivity at lower concentrations (bellow 1500 ppm). In the whole range of operating temperatures and for both types of films the sensitivity was a decreasing function of temperature, varying from about 10 6 at 250°C to 10 3 at 450°C for 10 000 ppm of H 2 . 
